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Introduction
Monosodium glutamate (MSG), the sodium salt of glutamate, is a prototypical umami ligand used as a flavour enhancer in human diets (Beyreuther et al. 2007; Wu, 2013) . The umami taste is the fifth basic taste, after sweet, sour, salty and bitter (Ninomiya, 2002; Piližota, 2010) . It has been reported that MSG has some adverse effects in humans (Plaitakis & Shashidharan, 2000; Piližota, 2010) . The administration of high doses of MSG during early stages of brain development, when animals have an immature blood-brain barrier, induces destruction of sites in the hypothalamus and selective degeneration in hippocampal CA1 pyramidal cells (Abe et al. 1990; Ishikawa et al. 1997) . In general, the induction of glutamate neurotoxicity involves the development of intracellular changes and subsequent events resulting in neuronal disintegration (Choi, 1994) . Furthermore, it has been demonstrated that the MSG model, which consists of MSG administration to newborn rats, induces functional and behavioural alterations in adulthood, including obesity, hyperexcitability, pain sensitivity, anxiogenic-like and depressive-like behaviours, as well as impairment of memory (Quines et al. 2014; Rosa et al. 2015; Quines et al. 2016) .
It has been reported that physical activity is one of the most important and accessible means to protect brain function at low cost (Kramer et al. 2006; Deslandes et al. 2009 ). Evidence has been found to suggest that physical exercise is an efficient way to protect brain health and cognitive function in physiological or disease conditions (Meeusen, 2005; Cotman & Berchtold, 2007) . In addition, both aerobic and resistance exercise improve spatial learning and memory in rodents and humans (Radak et al. 2006; Cassilhas et al. 2007; Cassilhas et al. 2012a) .
Considering neurotoxicity induced by exposure to MSG and the beneficial effects of physical exercise, the purpose of this study was to investigate whether resistance exercise could be effective in improving the performance of male and female rats treated with MSG in behavioural tests of memory and motor co-ordination.
Methods

Animals
The present experimental study was approved by the Institutional Ethics Committee on Care and Use The experiments were carried out using male and female newborn Wistar rats from our own breeding colony. The animals were kept in a separate animal room, in controlled conditions with a constant temperature (22 ± 1°C) and in a 12 h-12 h light-dark cycle with lights turned on at 07.00 h. Animals had free access to tap water and commercial diet (Guabi, RS, Brazil) . At the end of the experimental protocol, the weights ranged from 250 to 350 g for male rats and from 180 to 260 g for female rats.
Drugs
Monosodium glutamate was purchased from SigmaAldrich (St Louis, MO, USA). All other chemicals were of analytical grade and obtained from standard commercial suppliers.
Experimental procedure
A schematic diagram of the experimental protocol is illustrated in Fig. 1 . The animals were divided into two groups and treated from postnatal day 1 to 10 with daily S.C. injection of saline solution 0.9% [1 ml (kg body weight) −1 ; control group] or MSG solution [4 g (kg body weight) −1 ; MSG group; Klingberg et al. 1987] . At postnatal day 60, the animals were divided into the following four groups (seven animals per group): group I, sedentary control (rats received saline and were not exercised); group II,sedentary MSG (rats were not exercised and received MSG); group III, resistance exercise (rats received saline and were submitted to resistance exercise); and group MSG solution (4 g/kg body weight) or saline solution 0.9% (1mI/kg), s. IV, resistance exercise and MSG (rats were submitted to resistance exercise and received MSG). All behavioural tests began 24 h after the last day of the resistance exercise protocol and followed the order illustrated in Fig. 1 : rotarod, open field test (OFT), object recognition test (ORT) and object location test (OLT). The animals were acclimated in the test room for 30 min before each test starting under artificial lighting. The behavioural tests were carried out between 08.00 and 17.00 h. The materials and objects were washed with 20% ethanol solution between trials.
Resistance exercise protocol
The resistance exercise protocol was performed based on a previous study carried out by Cassilhas et al. (2012a) with some modifications. First, the animals were subjected to a familiarization protocol on an 80 deg inclined vertical ladder apparatus, and a housing chamber was located at the top of the ladder and served as a shelter during the resting period. The familiarization protocol consisted of three trials per day during 5 days. In the first trial, the rats were kept in the housing chamber for 60 s and then placed on the ladder 35 cm from the top. In the second trial, the rats were placed in the middle of the ladder. In the third trial, the rats were placed at the bottom of the ladder. All animals learned to climb the apparatus. The non-exercised animals of sedentary control and MSG groups were kept in their home cages throughout the experiment, with 5 min daily handling. The animals of resistance exercise and MSG + resistance exercise groups performed a progressive resistance exercise, five sessions per week during 7 weeks. Each session consisted of 10 climbing series with a progressively heavier load fixed in the proximal part of the animal's tail. In the first week after the familiarization, the load was 10% of the animal total body mass. In subsequent weeks, the load was progressively increased (10% per week relative to the body weight) to a final load of 70%. The overload consisted of a back pack filled with small steel balls fixed to the tail of the animal (in the proximal portion) using a hypoallergenic paper tape. The paper tape was adequately strong and did not leave any sticky residue or hurt the tail of the animal.
Behavioural tests
Rotarod test. The rotarod test (EFF 411, Insight, Brazil) involves both forelimb and hindlimb motor co-ordination (Whishaw et al. 2003) . The rotarod consisted of a wooden beam covered with masking tape (diameter, 3 cm), used to increase the roughness of the texture and thereby providing a firm grip. The rod was flanked by two cardboard plates to prevent any escape and suspended at a height of 30 cm above a mat-covered table. The animals were habituated and trained to remain on the rotarod at a constant speed of 10 r.p.m. for 300 s, the criteria used for the following test. The speed of 10 r.p.m. during the training was based on the fact that MSG-treated rats were unable to stay on the rotarod at a higher speed. The animals were submitted to the test 24 h after training, and the results of latency to fall were recorded and expressed in seconds. After each test, the equipment was cleaned with 20% ethanol solution.
Open field test (OFT). The OFT was carried out 24 h after the rotarod test, with the purpose of identifying possible sensorimotor effects induced by resistance exercise or administration of MSG to rats. The apparatus consists in a 40 cm × 45 cm arena, with 50-cm-high walls, made of plywood, with the floor divided into nine (3 × 3) equal squares by black lines. The animals were placed in the centre of the arena to explore the field freely for 5 min, and the numbers of crossings and rearings were recorded (Walsh & Cummins, 1976) . The OFT was used as a context habituation trial for the recognition memory test (de Lima et al. 2005) .
Object recognition test (ORT).
The ORT was used to investigate memory impairments induced by MSG treatment. Twenty-four hours after the OFT, the training session was carried out by placing individual rats for 5 min in the field, in which two identical objects (objects 1A and 2A) were positioned in two adjacent corners, 9 cm from the walls. An hour and a half after the training session, the rats performed the short-term memory (STM) test, in which rats explored the open field for 5 min in the presence of one familiar object (1A) and one novel object (B). The long-term memory (LTM) test was carried out 24 h after the training session, when the same animals explored the field for 5 min in the presence of one familiar object (1A) and one novel object (C). The objects used in this study were made from four identical Lego bricks (Lego toys). All objects used in this test had similar textures, colours (blue, green, red and yellow) and sizes, but distinctive shapes, and their location was the same during the experiment. The results for both tests (STM and LTM) were expressed as exploratory preference; a recognition index was calculated for each animal by the ratio TB/(TA + TB) × 100, where TA is the time spent exploring the familiar object A, and TB is the time spent exploring the novel object B.
Object location test (OLT). The OLT was carried out with the field used in the ORT and the objects (1A and C) of the LTM test. The OLT, a hippocampus-dependent spatial memory test, was performed 4 h after the LTM test. In the test session, the object C was moved to a location that was diagonally opposite to object 1A, and the rat was left in the field for 5 min exploration (De Rosa et al. 2005) . The exploration criterion and the results were expressed as described in the 'Object recognition test (ORT)' subsection.
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After the behavioural tests, rats were killed by decapitation under isoflurane anaesthesia.
Statistical analysis
All experimental results are expressed as the means ± SD. Statistical analyses were performed using two-way ANOVA (resistance exercise × MSG) followed by the Newman-Keuls test for post hoc comparison when appropriate. Data from the rotarod test were analysed using a non-parametric test, the Scheirer-Ray-Hare test (an extension of the Kruskal-Wallis test with obtained results persented as H1) followed by the Newman-Keuls post hoc test. A value of P < 0.05 was considered to be significant.
Results
Effects of resistance exercise on motor co-ordination and locomotor activity of male and female MSG-treated rats
Statistical analysis of the data revealed a decrease in latency to fall in the sedentary MSG group (male H1 = 5.289, P < 0.05; and female H1 = 7.231, P < 0.01) when compared with the non-exercised control group. Resistance exercise was effective against this decrease in motor co-ordination. Male (H1 = 3.906, P < 0.05) and female exercised MSG-treated rats (H1 = 3.813, P < 0.05) showed no significant difference in fall latency from control exercised rats ( Fig. 2A and B) .
Examination of the number of crossings in the open field showed a significant reduction compared with control animals following MSG administration in male (F 1,24 = 7.9369, P < 0.01) and female rats (F 1,24 = 8.1022, P < 0.01). Resistance exercise increased the number of crossings in the open field in MSG-treated male (P < 0.05) and female (P < 0.05) rats when compared with those treated with MSG but remaining untrained (Table 1) .
The number of rearings in the open field was significantly reduced after MSG administration in male (F 1,24 = 9.5888, P < 0.01) and female rats (F 1,24 = 29.4219, P < 0.001) compared with control animals. Resistance exercise did not increase the number of rearings in male and female rats treated with MSG (Table 1) .
Effects of resistance exercise on ORT and OLT in male and female MSG-treated rats
All animals spent a similar time exploring the objects during the training session of ORT ( Figs 3A and 4A ). There was no significant difference in the STM test among all experimental groups of male (Fig. 3B ) and female rats (Fig. 4B) .
In the LTM test, the two-way ANOVA of exploratory preference data revealed a significant main effect of resistance exercise (F 1,24 = 10.9925, P < 0.01). Resistance exercise increased the exploratory preference (P < 0.01) of male rats treated with MSG when compared with their untrained MSG counterparts (Fig. 3C) . The exploratory preference of female rats in the LTM test was similar in all experimental groups (Fig. 4C) .
The two-way ANOVA of exploratory preference data in the OLT showed a significant main effect of MSG injection in male rats (F 1,24 = 11.6005, P < 0.01) and a significant MSG × resistance exercise interaction in female rats (F 1,24 = 5.8724, P < 0.05). The post hoc analysis revealed a significant decrease in the exploratory preference in female rats treated with MSG (P < 0.01; Fig. 4D ) when compared with the non-exercised control group. Resistance exercise increased the exploratory preference in female exercised MSG-treated rats (P < 0.01).
Discussion
The present study revealed that MSG administration to newborn rats impaired motor co-ordination and Values are expressed as the mean + SD for seven animals per group. * * P < 0.01, * * * P < 0.001 compared with the control group (non-exercised and exercised); ### P < 0.001 compared with the MSG group (the Scheirer-Ray-Hare test followed by Newman-Keuls post hoc test). Exercise reduces memory impairment induced by monosodium glutamate differentially affected the memory of male (recognition and location) and female rats (location). To the best of our knowledge, this is the first report to demonstrate the beneficial effects of resistance exercise against impairment of motor co-ordination and memory induced by MSG in male and female rats. Glutamate is the predominant excitatory neurotransmitter in the central nervous system of mammals (Schlett, 2006) , and it is well known that an excess in extracellular concentrations of this neurotransmitter induces neuronal death because of excitotoxicity (Flores-Soto et al. 2013; Zhou & Danbolt, 2014) . The administration of MSG to neonatal rodents produces degeneration of neurons in the arcuate nucleus and in other brain areas (Beas-Zárate et al. 2002; Tamás et al. 2004) . Furthermore, the neurotoxicity of MSG has been 
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reported to impair motor activity, sensory performance and learning abilities (Saari et al. 1990; Fisher et al. 1991; Dubovicky et al. 1997 ).
The present study shows that MSG administration to newborn rats impaired motor co-ordination and reduced the number of crossings of rats of both sexes. It has been reported that the MSG administration-induced alteration in locomotor activity in animals becomes greater with age (Hlinák et al. 2005) , and it is known that locomotor activity is closely related to hippocampal deregulation (Cerbone & Sadile, 1994) . In this context, MSG treatment causes destruction and morphological changes of the CA1 hippocampal structure, accompanied by neuronal loss in the cerebral cortex (Kubo et al. 1993; Beas-Zárate et al. 2002) . Therefore, the locomotor alterations induced by MSG in male and female rats could be associated with hippocampal damage. Regarding the effects of resistance exercise, our protocol of exercise was effective against the deficit in motor co-ordination induced by MSG in male and female rats.
The ORT has proved to be a useful tool in neurobiological memory research, such as memory and learning, the preference for novelty, the influence of different brain regions in the process of recognition, and even the study of different drugs and their effects (Ennaceur, 2010; Antunes & Biala, 2012) . This test is very useful for studying the different steps of the memory process (short-term memory, long-term memory and location memory) through manipulation of the retention interval (Antunes & Biala, 2012) .
In the present study, exposure to MSG impaired long-term and location memory in male rats, whereas it affected only the location memory in female rats. The cerebral cortex and hippocampus have different functions during development of memory (Eichenbaum, 2000) . The cerebral cortex is involved in short-term or working memory as well as in long-term memory, whereas the hippocampus is the main area involved in the modulation of spatial learning and memory (Eichenbaum, 2000; Monfort et al. 2015) . In this regard, a recent study demonstrated that the hippocampus is more sensitive to MSG neurotoxicity (Gudiño-Cabrera et al. 2014) . Moreover, hippocampal memory formation occurs mainly in the hippocampal CA1 region (Kandel et al. 2014) , and MSG administration has been shown to induce damage in this brain area (Kubo et al. 1993 ; et al. 2002) . Accordingly, our findings suggest an impairment of hippocampus-dependent memory in both sexes of rats. Although some studies have demonstrated that neonatal injections of MSG affect learning and memory in both sexes of rodents (Berry et al. 1974; Kubo et al. 1993) , our findings demonstrated that male rats appear to be more susceptible to memory impairment (recognition and location) induced by MSG exposure than female rats (location). Accordingly, it has been proposed that male rats are more sensitive to neonatal stress associated with injections of MSG (Dubovicky et al. 1999; Chow et al. 2013) . Moreover, sex differences might contribute to the neurotoxic action of MSG during early postnatal development and, as a consequence, to differences in learning and memory and vulnerability to neurological diseases found in male and female rats (Grimm & Frieder, 1985) .
Beas-Zárate
The positive impact of physical exercise on many aspects of human health is well established (Mammen & Faulkner; 2013) . Not only aerobic exercise (Strickland & Smith, 2016) but also resistance exercise (Cassilhas et al. 2007; Liu-Ambrose et al. 2010) has been reported to have beneficial neurobiological effects in animals and humans. In humans, resistance exercise confers cognitive and mental health benefits (Cassilhas et al. 2007; O'Connor et al. 2010) . In animal models, resistance exercise enhanced learning and retention (Cassilhas et al. 2012a ) and the hippocampus-dependent memory task in rats (Cassilhas et al. 2012b) .
Beneficial effects of physical exercise in MSG-treated rats have previously been shown to relate to metabolic (Andreazzi et al. 2009; Gomes et al. 2016 ) and neuroprotective changes (Sagae et al. 2011) . In the present study, resistance exercise reduced the impairment in location memory induced by MSG administration in male and female rats.
To the best of our knowledge, this is the first time that neuroprotective effects of resistance exercise have been shown to oppose MSG-induced impairment in motor co-ordination and hippocampus-dependent memory. Although the neurobiological effects of physical exercise are still poorly understood, this type of exercise could be an alternative form of treatment for memory impairment.
Conclusion
In conclusion, resistance exercise reduced memory and motor co-ordination impairment caused by MSG in male and female rats. Therefore, future studies are necessary to gain a better understanding of the molecular and cellular mechanisms by which resistance exercise reduces memory impairment.
